I 



Eur pSiisches Patentamt 
Eur pean Pat nt Offic 
Office eur p6 n des brevets 



illliillilllliii 

0 Publication number: 0 305 203 B1 



© EUROPEAN PATENT SPECIFICATION 

® Date of publication of patent specification: 10.11.93 ® Int. CI A BO 1J 12/00, C01B3/32, 

C01B3/40, C07C 1/02 

® Application number: 68307936.0 
@ Date of filing: 26.0&86 



0 Method of carrying out heterogeneous catalytic chemical processes. 



CD 

to 
o 

CM 

in 
e 
« 



0 Priority: 27,0a87 DK 4481/87 

0 Date of publication of application: 
01.03.69 Bulletin 89/09 

0 Publication of the grant of the patent: 
10.11.93 Bulletin 93/45 

© Designated Contracting States: 
BE OH DE FR GB IT LI LU NL SE 

0 References cited: 
EP-A- 0 025 308 
EP-A- 0 149 456 
DE-B*2 911 501 
GB-A- 1 491 199 
US-A- 4 400 309 



0 Proprietor: Haldor Topsoe A/S 
Nymollevej 55 
DK-2800 Lyngby(DK) 

0 Inventor Baden, Niels TorldId 
Abrinken 43 
DK-2830 Virum(DK) 
Inventor: Jensen, Ernst Jorgen 
PalnatokesveJ 27 
DK-3600 Frederlkssund(DK) 
Inventor: l.arsen, Jorgen Gutzon 
Runnebergs alld 37 
DK-2660 Soborg(DK) 

0 Representative: Holmes, Michael John et al 
Frank B. Dehn & Co. 
Imperial House 
15-19 ICIngsway . 
London WC2B 6UZ (GB) 



Note: Within nine months from the publication of the mention of the grant of the European patents any person 
^ may give notice to the European Patent Office of opposition to the European patent granted. Notice of opposition 
Q. shall be filed In a written reasoned statement. It shall not be deemed to have been filed until the opposition fee 
111 has been paid (Art 99(1) European patent convention). 



Rank Xerox (UK) Business Services 

13.10/3.6/3.3.1) 



EP 0 305 203 B1 



D scription 

The present invention relates to a method of carrying out catalytic chemical processes under non- 
adiabatic conditions. 

5 In a heterogeneous catalytic chemical process, a process fluid is contacted with a solid catalyst or a 
supported liquid phase catalyst which catalyses one or more reactions to form part of the process, the 
catalyst usually being anranged In one or more beds in one or more catalyst chambers in a catalytic reactor. 
Throughout this specification by the term "catalytic processes" is meant processes of this kind. 

Carrying out a catalytic process under non-adlabatic conditions implies that during passage of the 

10 process fluid through the catalyst bed or beds heat is exchanged between the process fluid and some 
agent for heating or cooling, usually by convective heat exchange with a heat transmitting wall separating 
tiie process fluid from said agent. 

Throughout this specification the term "catalyst" means any solid catalyst or supported liquid phase 
catalyst whether in one or more monolithic blocks or in the form of particles. Similarly "catalyst bed" means 

75 a bed in which any such catalyst is placed. "Catalyst support body" means a body which is usable for 
being transformed into a catalyst, e.g. by impregnation or coating, whether or not the thus treated body 
must undergo one or more further special treatments before reaching an active catalytic state, e.g. calcining 
or reduction. Similarly, a catalyst as above defined may need a special treatment after being loaded into a 
catalyst chamber in order to reach an active state. 

20 The term fluid includes both liquid and gaseous substances. 

Chemical processes may be classified eitiier as endotiiermic processes, which consume heat, or as 
exothermic ones, which produce heat. 

Among the endothermic catalytic processes of industrial importance and carried out at non-adiabatic 
conditions, steam reforming of hydrocarbons may be mentioned as an example. It is usually performed at 

25 400-950 'C. The process is often performed in tubes containing a catalyst promoting the reaction(s). The 
tubes may be arranged in a radiant furnace chamber In which the combustion of a fuel supplies the 
necessary heat. The process may as an alternative be performed in a heat exchange reformer. e.g. as 
disclosed in European Patent Application No. 195,688. 

Exothermic catalytic processes are often performed at 200-600 *C. As examples of exothermic pro- 

30 cesses of industrial importance carried out under non-adlabatic conditions, partial oxidations may be 
mentioned, e.g. the manufacture of ethylene oxide, formaldehyde, or phthalic anhydride. Another example is 
methanation of carbon oxides. These processes are often performed In cooled tubular reactors. 

Some industrially important catalytic processes are reversible and exothermic, e.g. manufacture of 
ammonia or methanol. These processes are often perfonmed while recirculating a part of the process gas 

35 through the catalyst beds as the conversion per pass is often fairly small. A number of different concepts 
are used among which some are non-adiabatic. 

A combination of pressure drop in the process fluid passing through the catalyst bed and heat transfer 
coefficient between the process fluid and the heat transmitting walls of the catalytic chambers will often 
represent the limiting process condition for throughput and yield with a given amount of catalyst as well as 

40 for process economy. A low pressure drop and a high heat transfer coefficient represent the desired 
process conditions. A low pressure drop will reduce the power required by the process plant irrespective of 
type of catalytic process. A high heat transfer coefficient is desirable for all types of non-adiabatic catalytic 
processes. For endothermic catalytic processes, a high heat transfer coefficient will increase the amount of 
heat supplied to the process fluid and, therefore, the reaction rate and the degree of conversion for a given 

45 amount of catalyst. For exothermic catalytic processes, a high heat transfer coefficient will reduce the 
temperature of the process fluid and, therefore, the reaction rate. Thus catalyst temperatures are more 
easily controlled and excess temperature resulting In catalyst damage are more readily averted. Likewise, 
undesired reactions, e.g. total oxidations are more easily avoided. 

For reversible exothermic catalytic processes, a high heat transfer coefficient between process fluid and 

50 cooling surfaces will result in (1) the temperatures of tiie process fluid being reduced and (2) the equilibrium 
t)eing shifted towards a higher degree of conversion. The total effect will frequentiy be a higher yield. 

Using common commercial catalysts in the form of pellets, rings, or any other particulate form, it is not 
possible to increase the heat transfer coefficient between the walls of the catalyst chamber and the process 
fluid substantially without simultaneously increasing the pressure drop. 

55 Especially for the steam reforming process, this restriction has been felt. For some time, therefore, 
various methods using catalysts having non-particulate form have been described,aiming at obtaining 
simultaneously a low pressure drop and a high heat transfer coefficient. 
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In the steam reforming process, the highest degree of conversion for a given amount of catalyst Is 
obtained when operating at the highest temperature. For that reason the operation temperature often 
approaches the upper temperature limit for the tube material. A uniform temperature distribution along the 
heat transmitting walls will permit the highest average temperature for a given maximum temperature and 
5 is, therefore, highly desirable. 

Methods of obtaining some of these features have been described in the literature. Some of these 
methods utilize bodies which might be used as a catalyst or a catalyst support body if made from a suitable 
materia) but which, according to the description In the literature, are used otherwise. Below, references will 
be made to literature describing catalysts as well as bodies having some of the above features without 
10 being catalysts. 

U.S. Patent No. 3,785,620 describes bodies consisting of corrugated lamellae which are proposed to be 
used as static mixers. 

U.S. Patent No. 4,296,050 describes packing elements for an exchange column made from a plurality of 
con-ugated plates. 

75 Sales pamphlets from Sulzer Brothers Ltd. describe bodies of similar form as the bodies of the U.S. 
Patents mentioned above, but in ceramic material, and propose to use them i.a. as catalyst support bodies. 

U.S. Patent No. 3,112,184 describes a method of making ceramic articles some of which have such 
characteristics as to fulfil the above features if made from a catalytic active material or used as support 
bodies. Such use is not, however, proposed in the description although it is stated that bodies of a 

20 somewhat similar configuration are used in such a way. It is proposed to use the articles for making heat 
exchangers transfening heat from streams flowing through some channels into streams flowing through 
others, but not to effect the heat transfer through a vessel wall. 

EP Patent Specification No. 0 025 308 discloses a process and an apparatus for endothermic steam 
reforming of hydrocarbons. A catalyst in the form of a structure comprising a stack of profiled plates is 

25 described. The structure Is spaced from the walls of the catalyst chamber and has passages angled to the 
overall direction of flow in the catalyst chamber causing a process fluid to flow altematively through the 
catalyst and for a significant length through a space between the structure and the heated walls of the 
catalyst chamber. Due to this flow pattern, the heated waits will show exended and successive areas of high 
temperature and low temperature caused by prolonged heating of some of the fluid, and decreasing flow 

30 rate in different areas along the reactor walls resulting in low heat transmission, followed by massive flow of 
the process fluid leaving the catalyst with a reduced temperature due to the reaction inside the catalyst 
channels. 

Thus, since the flow pattern according to the above mentioned EP-patent will not result in a uniform 
temperature distribution In the fluid entering tiie catalyst channels at a given level at the catalyst chamber, it 
35 Is not possible to obtain a uniform catalyst utilization. 

A very high transmission of heat from the walls of the catalyst chamber into the process fluid is 
particularly important when providing some of the heat for steam reforming of hydrocarbons by convective 
heat exchange between the process fluid and a flue gas in a heat exchange reformer. An essentially even 
temperature distribution along the heat transmitting walls is also of paramount importance for this process 
40 concept. 

None of the previously proposed methods has fully overcome the problem of simultaneously obtaining 
(1) a very low pressure drop in tiie process fluid passing through the catalyst bed, and (2) a high heat 
transfer coefficient between the wall(s) of the catalyst chamber and the process fluid, and further (3) having 
uniform or essentially unifomn temperature distribution along the heat transmitting wall(s), and (4) efficient 

45 Utilization of the total amount of catalyst. 

The object of the present invention is to provide a method which combines a very low pressure drop in 
the process fluid passing through the catalyst bed and a high and essentially uniform heat transfer 
coefficient between ttie wall or walls of the catalyst chamber and tiie process fluid, combined with an 
efficient utilization of tine catalyst. 

50 According to one aspect, the invention relates to a method of carrying out a heterogenous catalytic 
chemical process at non-adiabatic conditions by passing a stream of a process fluid in one overall flow 
direction through a reactor containing one or more monolithic catalysts in a catalyst chamber having an 
entrance and an exit and defined by two uniformly spaced walls and transmitting heat through at least one 
of the two substantially uniformly spaced walls between tiie process fluid inside the catalyst chamber and a 

55 fluid outside the catalyst chamber, said catalyst having a structure of channels arranged in groups of 
substantially parallel channels causing the process fluid to be sut>-divided into a plurality of suthstreams 
having actual flow directions angled to the two uniformly spaced walls and to the overall flow direction, and 
changing direction whenever reaching one of the walls so that the mass flow towards one of the two 
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substantially uniformly spaced walls, at any cross section orthogonal to the overall flow direction, is 
approximately equal to the mass flow towards the other of said two walls, the flow direction of the sub- 
streams in one group of channels being different from that in the neighbouring group or groups of channels, 
whereby the actual flow direction of any substream is reflected via a slit between the wall in question and 
5 the catalyst whenever it reaches one of the two substantially uniformly spaced walls in leaving a channel 
and entering neighbouring channels, so as to direct the sub-stream towards the other of those walls, 
characterized in using an annular catalyst chamber with coaxial cylindrical walls, the overall flow direction of 
the process fluid being parallel to the common axis of the walls. 

In this manner there is obtained an essentially uniform temperature distribution along the heat 
10 transmitting wall or walls and an efficient utilization of the total amount of catalyst is thus made possible, i.e. 
that the amount of catalyst necessary for reaching a desired degree of conversion is diminished. 

The efficiency of the method according to the present invention results from the immediate reversion of 
flow of any of the sub-streams whenever such a sub-stream reaches one of the heat transfenring walls. No 
or only a minor flow of the fluid outside the channels and along the heat transfening walls is obtained. This 
75 flow pattern provides the least possible distance between cold spots caused by the fluid from the channels 
outlet and hot spots at the channel inlet. The structure of the catalyst chamber ensures uniform heating of 
the process fluid due to the frequent and close contact of said process fluid to the heat transferring wall or 
walls at the points of reflection. 

Another feature of the above mentioned catalyst chamber is the continuous and prolonged contact of 
20 the process fluid to the catalyst surface obtained by forced angular movement through the catalyst 
chamber, interrupted only by the reflection points at the heat transfening wall or walls. 

The ratio between the number of sub-streams directed towards each of the two walls can be between 
1:100 and 100:1. It is, however, prefen-ed that the ratio is between 1:10 and 10:1, Especially, it is prefen'ed 
that the number of sub-streams directed towards one of the substantially uniformly spaced walls are 
25 approximately the same as the number of sub-streams directed towards the other of said walls. 

It is preferred that the angles between the directions of actual flow through the catalyst and the direction 
of the overall flow through the catalyst bed are from 5 to 85 • , preferably from 15 to 75 and especially it is 
preferred that the angles are approximately 46 ' . 

It is preferred to use a catalyst wherein the channels are an'anged in layers which are not orthogonal to 
30 the overall direction of flow. Especially, it is preferred to use a catalyst wherein the channels are anranged In 
layers which are approximately parallel to the overall direction of flow. 

The manufacture of the catalyst is particularly simple when the layers are angled from 5 to 90 • to the 
heat transmitting wall(s). It is especially prefenred that the channels are arranged in layers which are 
approximately orthogonal to the heat transmitting walls. 
35 An optimum combination of pressure drop and rate of heat transfer results v^rhen the streaming process 
fluid, when reaching whichever of the two uniformly spaced walls, is reflected or thrown back towards the 
opposite wall in a slit between the wall in question and the catalyst, the width of said slit being less than 
one fifth of the distance between the two uniformly spaced walls. 

In one embodiment of a catalyst chamber complying with the method of the invention, the two 
40 substantially uniformly spaced walls are coaxial cylindrical walls, the catalyst chamber being annular and 
the overall flow direction of the process fluid being parallel to the common axis of the cylindrical walls. 

In another embodiment of a catalyst chamber complying with the method of the invention, the two 
substantially uniformly spaced walls are parallel and plane, the catalyst having the form of a prism with at 
least one pair of parallel sides. 
45 The manufacture of a catalyst which may be used in the method of the invention, and the later loading 
thereof Into a catalyst chamber is facilitated when using a catalyst wherein the catalyst is in the form of 
essentially identical bodies placed in the catalyst chamber in a systematic way. 

Complying with the method of the invention, a process fluid can be brought to flow in sub-streams 
being arranged in sets of layers, the direction of the flow in one set of layers being essentially parallel and 
50 different from the direction in the neighbouring set or sets of layers, each set of layers comprising a small 
number of layers, preferably one or two. 

A simple way of obtaining such a flow is by means of a catalyst or catalyst support body comprising 
layers of sheets defining channels. 

The described flow pattern may e.g. be obtained by using as a catalyst or catalyst support body a stack 
55 composed of corrugated sheets, preferably alternating with plane sheets. Both types of sheet may, e.g.. be 
made in a manner known per se and from a material compatible with the catalytic material and the chemical 
process. The stack may comprise one layer of channels in each set of either streaming direction and take 
the following form: 



4 



EP 0 305 203 B1 



a. a corrugated sheet, orientation A 

b. a plane sheet 

c. a corrugated sheet, orientation B 

d. a plane sheet 

' 6 this sequence being repeated until the desjred size is obtained. It is not maridatory that all sheets have the 
same size nor are cut to size along straight lines. Actually, it may often be preferable to cut the plane 
sheets to a size slightly less than the overall size of the corrugated sheets and/or give them a pair of 
serrated edges at the sides to become mounted against said walls of essentially constant spacing. 

It is suitable to pass the process fluid through a catalyst bed wherein the channels are substantially 

10 straight, the angles between the actual directions of the sub-streams and the overall flow direction being 5 • 
to 85 ' , preferably 15 • to 75 • and notably approximately 45 • . 

The flow pattern characteristic for the method of the invention may also be obtained using only 
corrugated sheets and stacking them using alternately sheets of orientations A and B. 

in one of the above mentioned embodiments of a catalyst chamber complying with the method of the 

75 invention said two walls are coaxial cylindrical walls. This requires a catalyst in the form of a hollow 
cylindrical body. A catalyst or catalyst support body of such form producing the flow pattern and heat 
transmission characterizing the method of the invention may as an example be manufactured by cutting 
stacks of sheets as described above and placing these stacks within two walls forming an annular mould. 
The stacks may e.g. be deformed sufficiently for them to attain the form of segments of a hollow cylindrical 

20 body and thus fit into the mould. It should be bome in mind that the diameter of the two walls of the mould 
(con'esponding to inner and outer wall, respectively, of a catalyst chamber) usually must differ slightly from 
the actual diameter of the conresponding walls of the catalyst chamber in order to allow for a possible 
different thermal expansion for catalyst or catalyst support body and the material of the catalyst chamber 
and to allow for desired slits between catalyst and walls. 

25 It is especially preferred to stack the sheets defining the stream pattern in the atx>ve said mould in such 
a manner that all flow directions become an-anged in planes essentially parallel to the overall direction of 
flow when the catalyst has been loaded Into a catalyst chamber. 

The sheets can be stacked orthogonally or obliquely relative to the walls of the above said mould and 
thus obliquely relative to the heat transmitting walls when the catalyst has become loaded into a catalyst 

30 chamber. 

The method of the invention is not restricted to the use of bodies prepared from stacks of sheets 
comprising corrugated sheets or, when using corrugated sheets, to use a special form of corrugation or to 
use tiie same form or size of corrugation for all corrugated sheets. Any other means of obtaining said flow 
pattern while obtaining a transmission of heat t)etween the process fluid and the heat transmitting wall(s) is 

35 considered part of the invention when used in canying out non-adiabatic catalytic processes. 

The flow pattern and heat transmission characterizing the method of the invention may e.g. be obtained 
using instead of sheets a great number of essentially identical pipes placed between two walls of 
approximately constant spacing of which at least one is heat transmitting. Stacking pipes of e.g. rectangular 
cross section and having length exeeding the distance between said two walls in such way as to obtain 

40 consecutive piles of pipes of alternating orientation, one leading towards one wall, the other towards the 
other wall.will provide for the desired flow pattern and give rise to only a small pressure drop. Each partial 
stream leaving a pipe will, when reaching one of the walls revert towards the other wall through 
neighbouring pipes of opposite orientation. If the wall is heat transmitting, tills reversion causes a high heat 
transfer coefficient between process fluid and wall. 

45 The flow pattern and heat transfer characterizing the method of tiie Invention may also be obtained e.g. 
using (instead of pipes) cylinders having two or more fluid passages extending axially therethrough from 
one end to the other. 

In order to transform a catalyst support body providing the desired flow pattern and producing tiie 
desired heat transmission into a catalyst usable for carrying out the method of the invention such body may 
50 e.g. be impregnated or coated using an impregnation or coating technique and active materials known per 
se. 

The method of the invention may be utilized when carrying out a heterogeneous catalytic chemical 
process at non-adiabatic conditions and it is not restricted to any particular process. 

The process carried out can be an exothermic process, especially partial oxidation of hydrocarbons or 
55 alcohols, or hydrocarbon synthesis from carbon oxides and hydrogen. 

For partial oxidation of hydrocarbons or alcohols one can, e.g. use a coated catalyst support consisting 
of for instance glass wool paper, tiie coating consisting of, e.g., approximately 80% (w/w) molybdenum 
oxide and 20% (w/w) iron oxide promoted with chromium oxide. 
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Synthesis of hydrocarbons from carbon oxides may be canied out by use of a coated catalyst support 
body consisting of. e.g. ceramic paper based on alumina fibers, the coating consisting of, e.g. 25-50% (w/w) 
Ni and the balance alumina. 

The process carried out can also be an endothermic process, especially steam refomning of hydrocar- 
bons, preferably carried out in a heat exchange reformer. 

Such steam reforming may be canried out for Instance by use of a coated catalyst support body 
consisting of, e.g., ceramic paper based on alumina fibers, the coating consisting of, e.g., 25% (w/w) Ni. the 
other main components being magnesia and alumina. 

The invention is explained below with reference to the drawings, wherein 

Rg, 1 shows a horizontal section of a catalytic reactor comprising a catalyst bed usable for carrying 

out the method of the invention, 
Fig. 2 shows a vertical section of a part of the reactor of Fig. 1 taken along the line a-a, 
Rg. 3 shows a perspective view of a part of a catalyst or catalyst support body which may be used 

In carrying out the method of the Invention, 
Rg. 4 shows a detail of the body shown in Rg. 3 on an enlarged scale. 

Rg. 5 shows another catalyst or catalyst support body for carrying out the method of the invention 

from which body a part has been taken away. 
Rg. 6 shows a vertical section of the body of Rg. 5 placed between two walls, and 
Rg. 7 shows a sketch of the experimental set-up used to determine pressure drops and heat transfer 

coefficients. 

The figures are simplified and do not show, e.g., thickness of plane or conugated sheets. 

The difference between a catalyst and a catalyst support body cannot be discerned from the drawings 
and the figures do not attempt to make such differentiation. 

Rg.1 shows a horizontal section through a reactor. The reactor has an annular catalyst chamber loaded 
with a catalyst suitable for carrying out the method of the invention. The process fluid flows down towards 
the catalyst. The catalyst body consists of corrugated sheets 14, 15 and plane sheets 16. The corrugated 
sheets have alternating orientations. The fluid channels 17 defined by the corrugated sheets 14 and the 
plane sheets 16 at either side lead fluid flowing down onto the catalyst body towards the outer wall 20 of the 
catalyst chamber, whereas the fluid channels 18 defined by the corrugated sheets 15 and the plane sheets 
16 at either side lead the fluid towards the inner wall 19. In the catalyst shown in the figure, all sheets are 
essentially orthogonal to the surface of both walls 19, 20. 

The slits between catalyst and walls are not shown in Rg. 1. 

Rg. 2 shows a vertical section of the top part of the reactor and the catalyst body of Rg. 1 along the 
line a-a. The overall direction of flow is indicated by the arrows C. All layers of sub-streams and of the 
channels In which they ftow are parallel to the overall direction of flow, C. and being ortogonal to the walls, 
the plane of a layer will coincide with the cut. The left part of the figure shows a section through a 
corrugated sheet 14 having sub-streams in channels 17 leading the sub-streams in the direction of the outer 
wall 20 whereas the right part of the figure shows a section through a corrugated sheet 15 having sub- 
streams in channels 18 leading the sub-streams in the direction of the inner wall 19. The flow directions of 
the sub-streams are indicated by arrows. The corrugated sheet lying beneath the sheet being sectioned and 
the plane sheet in between these sheets is indicated by dashed lines. The flow at this lower level has been 
indicated by dashed arrows. The flow reflection or "throwing back" upon reaching either of the walls is indi 
cated by shifting from full to dashed anrows at the reversal conresponding to the shifting from the plane of 
the figure to an underlying plane or vice versa. 

The slits between catalyst and walls are not shown in Rg. 2. 

The annular catalyst chamber shown in Rgs. 1 and 2 may .e.g., be the catalyst chamber of a heat 
exchange reformer of the kind disclosed in published European Patent Application No. 195,688. 

At or near the edges of sheets against the inner and outer walls zones will occur with little net flow and 
locally small coefficient of heat transfer. Due to the turbulence caused by the reversal of flow at each or 
every two sheets or channels these zones will be very nan^ow and will be situated at distances correspond- 
ing to the height of one or two channels, typically a few mm each. The heat conductance in the wall or walls 
will effectively level out any temperature difference caused by such zones and no uneven temperature 
distribution will be noticeable. 

Rg. 3 shows a section of a catalyst or catalyst support body which may be used in accordance with the 
invention. The section consists of a stack of essentially parallel sheets 14, 15, 16, the sheets 14 having a 
corrugation of orientation A. the sheets 15 having corrugations of orientations B. and the sheets 16 being 
plane. The stack has been made by stacking tiie sheets In the following order (from below): 

- one plane sheet 16 
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- one corrugated sheet 14, orientation A 

- one plane sheet 16 

- one corrugated sheet 1 5, orientation B 

this sequence being continued throughout the stack. 
5 - the corrugated sheets 14 define together with the plane sheets 16 below and on top of it essentially . 

straight channels 17 and the conrugated sheets 15 define together with the plane sheets 16 below and on 

top of it essentially straight channels 18 the directions of the two systems of channels 17, 18 being different 

The channels of either direction are arranged in essentially parallel layers. 

A section as shown in this figure may be made In the catalyst shown in Rgs. 1 and 2, the overall flow 
10 direction being indicated by an arrow C e.g. one of the bisectors of the angles formed by the directions of 

the channels 17. 18. No defonmation to accommodate to the loading in an annular catalyst chamber is 

shown. 

Fig. 4 shows an end view of a conrugated sheet seen along the corrugations. The figure indicates the 
dimensions E and L being characteristic for the conxigatlon. 

75 Fig. 5 shows a perspective view of another emt)odiment of a catalyst or catalyst support body suitable 
for carrying out the method of the Invention, a part of the body having been talcen away. This body consists 
of pipes 21, 22 having rectangular cross section. The pipes are staclced in piles 23. 24 with alternating 
orientation of the pipes, the piles 23 consisting of pipes 21 having an orientation different from that of the 
pipes 22 of the piles 24, providing for the flow pattern and heat transfer characteristic of the invention. Some 

20 of the piles 26 are indicated by dashed lines only, whereas only some of the pipes are shown in the 
foremost of the piles 27. Although the pipes of different piles are shown reaching the same level, this is not 
mandatory. 

As explained with reference to Rgs. 1 and 2, no uneven temperature distribution will be noticeable at 

the wall or walls when this embodiment is used for the process. 
25 Fig. 6. shows a vertical section of the body of Rg. 5. The body is placed between two walls 25 cutting 

one pile of pipes 21 and seen orthogonal to the plane of this pile. The pipes of the pile of pipes 22 laying 

just beneath the layer shown is indicated by dashed lines and the fiuid flows are indicated by solid arrows 

and dashed arrows, respectively. The two walls 25 have essentially constant spacing. The reflection of the 

flows upon reaching these walls is indicated by the anrows. 
30 Fig. 7 shows a sketch of the experimental set-up used to determine pressure drops and heat transfer 

coefficients for different models of catalyst bodies and catalyst particle beds. 

The reference numbers of Rg. 7 refer to the following items: 

(1) an air compressor, suction capacity ^ 250 m^/hr. 

(2) an air vessel 
35 (3) a closing valve 

(4) a reduction valve 

(5) a precision pressure gauge, 0-15 kg/cm^g 

(6) a flowmeter 0-101 Nm^/hr. at 5 kg/cm^g. 15 "C 

(7) a manually operated regulating valve 

40 (8) a model of a catalytic reactor having two heat transmitting walls 11, 12 at essentially constant 
distance. These two walls being plane steel radiators were fitted with wooden laths one at each end, the 
whole assembiey was clamped together. The bottom consisted of a wiremesh screen and the top of an 
air distributing piece fitted tightly. 

The distance between the radiators could be modified by placing sheets of cardboard between one of 
45 the radiators and the laths. 

(9) a catalyst body or catalyst bed 

(10) a U-tube manometer 

The invention and the advantages obtained are explained in more detail in the Example below. 
50 Example 

In an experimental set-up, models of catalysts providing the characteristics of the Invention were 
compared with specimens of standard catalysts for steam reforming of hydrocarbons. 

Three models of cross-arranged corrugated catalyst support bodies were prepared from corrugated 
55 cardboard. Models 1 and 2 consisted of cross-arranged corrugated cardboard having a wave height. E. of 
2.5 and 4.4 mm and having a plane sheet (a liner), i.e. made up like the body shown in Rg. 3. Model 3 
consisted of cross-arranged corrugated cardboard having a wave height, E. of 2.1 mm and not having a 
liner. For comparison, corresponding experiments were carried out using specimens of standard catalyst 



7 



EP 0 305 203 B1 

rings with OD/ID x H = 16.7/7.8 x 10.4 mm and standard catalyst cylinders with OD x H = 5.3 x 5.1 mm. 
The data of the tested catalyst models and catalyst particles are stated in Table 1. 

Table 1 



Filling 


Model 1 


Model 2 


Model 3 


Rings 


Cylinders 


Material 


Cardboard 


Cardboard 


Cardboard 


Ceramic magnesium 


Ceramic magnesium 










aluminate spinel 


aluminate spinel 


E, mm 


2.5 


4.4 


2.1 






U mm 


7.1 


8.3 


6.4 






Conrugation Factor 


1.3 


1.5 


1.3 






OD, mm 








16.7 


5.3 


ID, mm 








7.8 




H, mm 








10.4 


5.1 


VOID, % 


82 


95 


91 


52.2 


34.6 


SA/, m2/m3 


1840 


1140 


1240 


306 


757 


The dimensions £ and L are Indicated in Rg. 4. 



20 

The corrugation factor is defined as the ratio between the actual upper outer area of the conugated sheet 
and the projected area of this sheet on a plane at which the conrugated sheet is brought to rest. S/V is the 
outer surface (m^) per volume (m^). 

It is noted that the outer surface per volume (S/V) is 1.5-2.5 times larger for the cross-arranged 

25 cardboard models than for the 5.3 x 5,1 mm cylinders. Thus, for the reforming process It is expected that 
the catalyst activity per volume will be higher when using a cross-arranged catalyst than when using 5.3 x 
5.1 mm catalyst cylinders, since the effectiveness factor of the reforming reaction Is very low, typically less 
than 5%, in the bottom 80% of an ordinary tubular reformer and decreasing to less than 1% at the bottom, 
cf. J.R. Rostrup-Nielsen, Catalytic Steam Reforming, Springer Verlag, Berlin (1984), p. 69. 

30 The heat transfer and pressure drop properties of the models and of the catalyst cylinders and rings 
were determined In a 1000 mm long vertical channel having 55 x 300 mm rectangular horizontal cross 
section. The two walls of 300 x 1 000 mm were two parallel plane radiators wherein hot water at 80 ' C was 
circulated. The cardboard models of dimensions 55 x 300 x 1000 mm were arranged having the planes of 
the sheet orthogonal to the heating surfaces and parallel to the direction of overall flow. The distance 

35 between the radiators could be increased at will as above said. 

Rg. 7 shows a sketch of the experimental set-up. When canying out an experiment, a stream of air was 
passed down through the channel containing a cardboard model or catalyst cylinders or rings. The pressure 
drop across the "catalyst filling" and the heat transfer were determined. Valve (3) was opened and the 
reduction valve (4) and the control valve (7) were adjusted to obtain a reading on the pressure gauge (5) of 

40 6 kg/cm^g and the flowmeter (6) showed a predetermined reading. The pressure drop across the catalyst 
filling (9) indicated by the U-tube manometer (10) was read. 

The temperatures of the catalyst or cardboard model and the hot water were recorded at 5-10 minute 
intervals until the recorded temperatures were stable. The difference between the hot water temperature at 
inlet and outlet was less than 2*C in all experiments. In the interpretation of the measurements it was 

45 assumed that the temperature was the same in all positions on the radiator walls. 
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The physical properties of the gas flow of the experiments are stated in the below Table 2. 

Table 2 



G, Mass Flux, kg/m /h 



7.2x10- 



10 



I, Viscosity, kg/m/h 



k. Conductivity, kcal/m/h/^C 



0.070 
0.023 



75 



20 



25 



30 



Cp, Heat Capacity, kcal/kg/ C 



J, Gas Density, kg/m 



0.24 
1.09 



Thirteen thermocouples were placed in the catalyst or models. 

In the experiments using catalyst rings or cylinders, the distance between the radiator walls was 60 mm 
and all the thermocouples were placed in the centre plane between the two radiator walls. One ther> 
mocouple was placed on the centre line 10 mm from the bottom (gas outlet) and the remaining 12 were 
placed 10. 125, 250, and 500 mm from the top and in three different lateral positions: On the centre line, 95 
mm to the left, and 95 mm to the right. 

In the experiments testing the cardboard models, all thermocouples - except two - were placed in the 
centre plane orthogonal to the radiator walls. Rve thermocouples were placed on the centre line 10 mm 
from the bottom (gas outlet) and 10, 125, 250, and 500 mm from the top. Six thermocouples were placed 
19.5 mm from the centre line 125, 250. and 500 mm from the top. three on the near side of the centre plane 
between the two radiator walls and three on the far side. The ramaining two thenrnocouples were placed in 
the centre plane between the two radiator walls 250 mm from the top and 105 mm from the centre line, one 
to the left and one to the right 



40 



45 



50 



55 
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The results obtained in the various experiments are summarized in Table 3. 

Table 3 

Determinations of Heat Transfer Coefficient, h, and Pressure 

dP 

Drop per m of Filling, 



10 



Slit 



75 


Filling 


between 
wall and 
filling, 
mm 


h, 
kcal 


dP 

mm H.O/n 
2 


20 


Model 1 


1.2 


163 


81 






2.4 


117 


72 


25 


Model 2 


0.6 


230 


182 






1.2 


187 


49 






2.4 


122 


34 


30 


Model 3 


0 


193 


133 






0.6 


196 


107 






1.2 


161 


93 


35 












Standard Catalyst 
Ring, 

16.7/7.8x10.4 mm 


0 


152 


245 


40 












Stauidard Catalyst 
Cylinder, 
5.3x5.1 inm 


0 


152 


1441 


45 











The pressure drops found for the cardboard models are lower, in some cases an order of magnitude 
lower than those found for the catalyst particles. 
50 The heat transfer coefficients found for the cardboard models are higher than those found for the 
catalyst particles, provided that the slit width between the specimen and the wall does not exceed 1 .2 mm. 

Comparing the experimental results found using models 1 and 2,it is seen that increasing the channel 
width leads to superior heat transfer and pressure drop properties. 

Comparing the experimental results found for models 2 and 3.it is seen that the pressure drop may be 
55 halved by replacing a catalyst or catalyst support body (model 3) having no liner by a catalyst or a catalyst 
support body (model 2) having a liner, having the same outer surface per volume (SA/) and yielding the 
same heat transfer coefficient when using the same slit width. 
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tn the above explanations referring to the figures and in the above Example, a number of embodiments 
of a catalyst complying with the method of the invention have been described in detail and the experimental 
results found when comparing three of these embodiments with a standard catalyst In a model experiment 
are stated. However, the results are considered illustrating only and not restricting the method of the 
5 invention tpjhe specifically described embodiments. Any means of realizing the flow pattern and heat 
transfemng characteristic of the invention and usable for carrying out a heterogeneous catalytic chemical 
process at non-adiabatic conditions Is considered part of the Invention only being restricted by the scope of 
the appended claims. 

Using stacks of conrugated sheets having undulating corrugations will fully comply with the method of 

10 the invention. 

Also con-ugated sheets (having straight or undulating corrugations) may be given a secondary corruga- 
tion, optionally having other form or size and an orientation different from the primary corrugation may be 
used according to the invention. 

Further possibilities comprise apertured sheets or sheets having surface projections. 

75 

Claims 

1. A method of carrying out a heterogenous catalytic chemical process at non-adiabatic conditions by 
passing a stream of a process fluid in one overall flow direction through a reactor containing one or 

20 more monolithic catalysts in a catalyst chamber having an entrance and an exit and defined by two 
uniformly spaced walls and transmitting heat through at least one of the two substantially unlfomnly 
spaced walls between the process fluid Inside the catalyst chamber and a fluid outside the catalyst 
chamber, said catalyst having a structure of channels arranged in groups of substantially parallel 
channels causing the process fluid to be sub-divided into a plurality of sub-streams having actual flow 

25 directions angled to the two uniformly spaced walls and to the overall flow direction, and changing 
direction whenever reaching one of the walls so that the mass flow towards one of the two substantially 
unifomily spaced walls, at any cross section orthogonal to the overall flow direction, is approximately 
equal to the mass flow towards the other of said two walls, the flow direction of the sub-streams in one 
group of channels being different from that in the neighbouring group or groups of channels, whereby 

30 the actual flow direction of any substream is reflected via a slit between the wall in question and the 
catalyst whenever it reaches one of the two substantially uniformly spaced walls in leaving a channel 
and entering neighbouring channels, so as to direct the sub-stream towards the other of those walls, 
characterized in using an annular catalyst chamber with coaxial cylindrical walls, the overall flow 
direction of the process fluid being parallel to the common axis of the walls. 

35 

2. A method as claimed in claim 1. characterized in using a catalyst the channels of which are all 
arranged in layers which are approximately orthogonal to the heat transmitting walls. 

3. A method as claimed in claim 1 or claim 2, characterised in that the chemical reaction Is an 
40 endothemnic reaction. 

4. A method as claimed in claim 3, characterized in that the chemical reaction is steam reforming of 
hydrocarbons. 

45 5. A method as claimed in claim 4, wherein the steam reforming of hydrocarbons is carried out in a heat 
exchange reformer. 

6. An apparatus for carrying out a heterogeneous catalytic chemical process under non-adiabatic con- 
ditions, said apparatus comprising a reactor containing one or more monolithic catalysts in a catalyst 

50 chamber having an entrance and an exit and being defined by two uniformly spaced walls at least one 
of the said two substantially uniformly spaced walls being adapted to allow the transmittance of heat 
therethrough, said catalyst chamber containing a catalyst having a structure of channels arranged in 
groups of substantially parallel channels connected to provide a flow path from the entrance to the exit 
of the catalyst chamber, said channels being angled to the two uniformly spaced walls and changing 

55 direction whenever reaching one of the walls, there being a slit between the wall and the catalyst, the 
direction of one of said group of substantially parallel channels being different from that of the 
neighbouring group or groups of channels. 

characterised in that the catalyst chamber is an annular catalyst chamber with coaxial cylindrical 
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walls, and the entrance and exit are positioned so that in use the overall flow direction of the process 
fluid is parallel to the common axis of the walls. 

Patentansprtiche 

5 

1. Verfahren zur DurchfQhrung eines heterogenen katalytischen chemischen Verfahrens, bei dem bei 
nichtadiabatischen Bedingungen ein Strom einer verfahrensflusslgkelt in einer GesamtflieBrichtung 
durch einen Reaktor geleitet wird, der einen Oder mehrere monollthische Katalysatoren in einer 
Katalysatorkammer enthalt. die einen Eingang und einen Ausgang aufweist und durch zwei WSnde mit 

10 einheitlichem Abstand begrenzt ist, und Warme durch mindestens eine der balden einen im wesentli- 
chen einheitlichen Abstand aufweisenden Wande zwischen der Verfahrensfliissigkeit in der Katalysator- 
kammer und einer Flussigkeit auBerhalb der Katalysatorkammer Qbertragen wird. wobei der Katatysator 
eine Struktur von Kanalen aufweist. die in Gruppen von im wesentiichen parallelen Kanalen angeordnet 
sind, wodurch die VerfahrensflQssigkert in mehrere Unterstrome aufgeteilt wird, die tatsSchliche 

75 RieBrichtungen in einem Winkel zu den zwei WMnden mit einheitlichem Abstand und zu der Gesamt- 
flieBrichtung aufweisen und die Richtung jedesmal andem, wenn sie eine der Wande erreichen, so daB 
der MassefluB zu einer der beiden einen im wesentiichen einheitlichen Abstand aufweisenden Wande. 
der an jedem Querschnitt orthogonal zur GesamtflieBrichtung ist, dem MassefluB zur anderen der 
beiden Wande anngihemd gleich ist, wobei die RieBrichtung der Unterstrome in einer Kanalgruppe 

20 verschieden von denen in der bzw. den benachbarten Kanalgruppen ist, wodurch die tatsachliche 
RieBrichtung jedes Unterstroms durch einen Schlitz zwischen der fraglichen Wand und dem Katalysator 
jedesmal reflektiert wird, wenn er beim Verlassen eines Kanals und beim Bntritt in einen anderen eine 
der einen im wesentiichen einheitlichen Abstand aufweisenden Wande erreicht, damit der Unterstrom 
zur anderen der Wande gelenkt wird, dadurch gekennzeichnet, dafi eine ringformige Katalysatorkam- 

25 mer mit coaxialen zylindrischen Wanden verwendet wird und die GesamtflieBrichtung der Verfahrens- 
flQssigkeit parallel zur gemeinsamen Achse der Wande verlSuft. 

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, daB man einen Katalysator verwendet, dessen 
Kanaie alle in Schichten angeordnet sind. die annMhemd orthogonal zu den warmeubertragenden 

30 WSnden liegen. 

3. Verfahren nach Anspruch 1 Oder 2, dadurch gekennzeichnet. daB die chemische Reaktion endotherm 
ist. 

35 4. Verfahren nach Anspnjch 3, dadurch gekennzeichnet, dafi die chemische Reaktion eine Dampfreformie- 
rung von Kohlenwasserstoffen ist. 

5. Verfahren nach Anspruch 4. bei dem die Dampfreformierung von Kohlenwasserstoffen in einer 
Warmeaustauscher-Reformierungsanlage durchgefiihrt wird. 

40 

6. Aniage zur DurchfUhrung eines heterogenen katalytischen chemischen Verfahrens unter nichtadiabati- 
schen Bedingungen, umfassend einen Reaktor. der einen Oder mehrere monollthische Katalysatoren in 
einer Katalysatorkammer enthalt. die einen Eingang und einen Ausgang aufweist und durch zwei 
Wande mit einheitlichem Abstand begrenzt ist, wobei mindestens eine der beiden einen im wesentli- 

45 Chen einheitlichen Abstand aufweisenden Wande so angepaBt wurde, daB Warme hindurch Qbertragen 
werden kann, wot)ei die Katalysatorkammer einen Katalysator mit einer Struktur von Kanalen enthalt, 
die in Gruppen von im wesentiichen parallelen, miteinander verbundenen Kanalen angeordnet sind, so 
daB eine FlieBbahn vom Eingang zum Ausgang der Katalysatorkammer zur Verfugung gestellt wird, 
wobei die Kanaie im Winkel zu den beiden Wanden mit dem einheitlichen Abstand liegen und die 

50 Richtung jedesmal andern, wenn sie eine der beiden WSnde erreichen, well sich ein Schlitz zwischen 
der Wand und dem Katalysator befindet, wobei die Richtung einer der Gnjppen von im wesentiichen 
parallelen Kanalen sich von der bzw. den benachbarten Kanalgruppen unterscheidet, dadurch gekenn- 
zeichnet, daB die Katalysatorkammer ringformig mit coxialen zylindrischen WSnden ist und Eingang 
und Ausgang so angelegt sind, daB beim Betrieb die GesamtflieBrichtung der Verfahrensflussigkeit 

55 parallel zur gemeinsamen Achse der WSnde verlSuft. 
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Rev ndications 

1. Proc^de pour ex4cuter des reactions chlmiques het^rogfenes catalytiques en conditions non adiabati- 
ques par passage d'un courant de fluide de proc6d6 dans un sens g^n^ral d'6couIement k travers un 

5 . - r^acteur comprenant un ou plusieurs. catalyseurs monoiithiques dans une chambre de catalysation 
comportant une entree et une sortie, et d^limit^e par deux parois uniformdment espac^es et transfSrant 
de la chaleur au travers d'au moins I'une des deux parois essentiellement uniform^ment espac^es. 
entre ie fluide de proc^d^ h rint^rieur de la chambre de catalysation et un fluide ext^rieur ^ la chambre 
de catalysation, ledit catalyseur pr^sentant une structure en canaux disposes en groupes de canaux 

10 essentieilement parall^les provoquant une subdivision du fluide de proc§d^ en une plurality de courants 
secondares dont las sens propres d'icoulement fomnent un angle avec les deux parois unifomn^ment 
espacees et avec Ie sens general d*ecoulement, et qui changent de direction lorsqu'iis atteignent une 
des parois, si bten que Ie ddbit vers Tune des deux parois unifonm^ment espacees, consld6r6 dans 
toute section orthogonale au sens g6n6ral d'Scoulement est sensiblement ^gal au d^bit vers Tautre 

75 desdites parois, Ie sens d'^coulement des courants secondaires dans un groupe de canaux i§tant 
different de celui du ou des groupes voisins de canaux. la direction propre d'^coulement de tout 
courant secondaire dtant refl^chie par une fente entre la paroi en question et Ie catalyseur lorsqu'il 
atteint une des deux parois essentiellement uniform§ment espacees. en quittant un canal et en entrant 
dans des canaux voisins si bien que Ie courant secondaire se trouve dirig^ vers i'autre de ces parois, 

20 caract€ris§ en ce que Ton utilise une chambre annulaire de catalysation h parois cylindrlques coaxiales, 
Ie sens g§n^ral d'^coulement du fluide de traitement 4tant parall^le h I'axe commun des parois. 

2. Proc6d6 selon la revendication 1 , caract6ris6 en ce que Ton utilise un catalyseur dont les canaux sont 
disposes en couches qui sont approximativement orthogonales aux parois transf^rant de la chaleur. 

25 

3. Proc^d^ selon la revendication 1 ou la revendication 2, caract^ris6 en ce que la reaction chimique est 
une reaction endothermique. 

4. Proc^d6 selon la revendication 3, caract6rlsg en ce que la reaction chimique est une reaction de 
30 reforming d'hydrocarbones h la vapeur. 

5. Proc^d^ selon la revendication 4, dans lequel Ie reforming d'hydrocarbones k la vapeur est effectu^ 
dans un dispositif de reformation k ^change de chaleur. 

35 6. Dispositif de mise en oeuvre d'un proc6d^ chimique catalytique en conditions non adiabatiques. ledit 
dispositif comportant un r^acteur contenant un ou plusieurs catalyseurs dans une chambre de 

catalysation comportant une entree et une sortie, et d6limit§e par deux parois uniform^ment espacees. 
au moins une desdites deux parois essentiellement unlform^ment espacees 6tant congue pour 
permettre la transmission de chaleur k travers etie, ladite chambre de catalysation contenant un 

40 catalyseur pr^sentant une structure en canaux disposes en groupes de canaux essentiellement 
paralt^les. branches pour assurer un ^coulement de I'entr^e k la sortie de la chambre de catalysation, 
iesdits canaux formant un angle avec les deux parois uniform^ment espacees et changeant de direction 
iorsqu'ils atteignent une des parois, une fente 6tant pr^sente entre la paroi et le catalyseur, la direction 
de Tun desdits groupes de canaux essentiellement parall^les 6tant diff^rente de celle du ou des 

45 groupes voisins de canaux, caract^ris^ en ce que la chambre de catalysation est une chambre de 
catalysation k parois cylindriques coaxiales, et en ce que I'entr^e et la sortie sont situ6es de telle 
maniere que le sens general du courant de fluide de proc§d6 est parallels k Taxe commun des parois. 



50 
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FIG.l 
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FIG. 5 
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FIG.6 
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FIG.7 
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